Carbon fiber reinforced plastic (CFRP) is widely used in the aerospace industry. It has been observed that, during drilling of this material, micromechanical damage, delamination and fiber pullout are highly dependent on the orientation of the fibers. Current computational schemes have been unsuccessful in predicting this effect. We present a finite element scheme using a nonlinear, large deformation Lagrangian formulation with an explicit time integration, which is employed with cohesive element insertion [1, 2, 12] and structured mesh element splitting. We model the workpiece as a structured mesh superimposed upon the fiber orientation and the laminar plane, with the fracture planes defined by the Miller index. This procedure allows the crack propagation path to be guided by fiber orientation. We validate our simulation procedure against experiments for four fiber orientations -, , , and .
Introduction
Machining processes involving composites, which occur through a series of successive ruptures [3] , can induce several different types of damage -e.g., micro cracking, fiber deboning, delamination, fiber pullout, fiber buckling, matrix cracking, etc. This damage exhibits a strong dependency on the orientation of the fibers within the composite as well as the laminar plane. Further, the ruptures induced in machining occur in a highly heterogeneous and anisotropic manner.
Various empirical, analytical, and numerical methodologies have been proposed to study composite machining. A majority of these methodologies, however, have only focused on a limited aspect of the failure mechanisms. Examples include analytical models proposed for delamination in carbon fiber reinforced plastic (CFRP) drilling processes by applying linear elastic fracture mechanics (LEFM) [4] , two-dimensional finite element models (FEM) for unidirectional CFRP (UD-CFRP) orthogonal cutting, -such as the stiffness degradation model [5, 6] -an isotropic continuum damage FEM model applied to drilling [8] , and a multiphase model with cohesive zone element in two dimensions.
The two-dimensional FEMs are partially successful in capturing the effect of the fiber orientation. However, these models have not been extended to three dimensions. In addition, it is known that crack formation in both the stiffness degradation and continuum damage models are highly sensitive to the mesh configuration unless the cracks are smeared and blurred across multiple elements. Further, stiffness degradation and continuum damage models were developed for modeling of ductile fracture, and therefore the method has difficulty predicting the brittle fracture found in CFRP machining [3] . Finally, both models employ the element deletion technique, which makes the surface energy dependent on element size.
Fracture mechanics based approaches, such as cohesive zone element [2, 12] , have advantages in CFRP machining as they accurately represent energy release rate independent of element size. In this approach, the fibers and the matrix are explicitly meshed separately with cohesive zone elements placed between the two. Deboning at the fiber-matrix interface is determined by the fracture toughness of the cohesive zone element. While this model captures trends of chip formation in two-dimensional orthogonal cutting [9, 10] , extending this approach to three dimensions would require billions of elements to model a typical CFRP drilling process, making it highly impractical.
In this paper, we present a large deformation Lagrangian finite element machining model using an explicit time integration scheme and cohesive element insertion [1, 2] . We apply this model to three-dimensional UD-CFRP orthogonal machining for a / / / layout. We model the workpiece as a structured mesh aligned to the fiber orientation and the laminar plane, thus allowing the crack propagation path to be driven by the fiber and ply orientation. We define the fractured planes by the Miller index in the structured mesh. We model transverse crack formation, fiber bending, and fiber breaking for individual plies through the use of cohesive element insertion and element splitting. The simulation thrust and torque predictions were validated against experiments performed on a Mori-Seiki NH6300 horizontal machine tool. Thrust and torque measurements were collected using a Kistler dynamometer.
Metal Cutting versus Composite Cutting
An essential difference exists between metal cutting and composite cutting physics, which can be summarized as follows:
Metal Cutting Cutting Energy = Plastic Work + Friction
Composite Cutting Cutting Energy = Surface Energy + Friction
In metal cutting, the strain can become larger than 1.0, forming a continuous chip with little dust or internal damage. Conversely, in composite cutting, strains remain relativity small while dust and internal damage are created. The internal damage, such as delamination, matrix cracking, fiber pull out and microscopic damage can be counted as surface energy. Additionally, according to Irwin's fracture theory, the plastic work associated with the crack propagation can be counted as surface energy as well. The proposed FEM discretization technique reflects this observation; our numerical technique is designed to capture the surface energy accurately, and does not focus on reproducing accurate dynamics at large plastic deformations.
Finite Element Discretization

Explicit formulation
AdvantEdge 3D FEM is an explicit dynamic finite element modeling package designed specifically for metal and composite cutting. It handles multiple body deformable contact for tool-workpiece interaction. Crack closure and frictional sliding is accounted for. The finite deformation kinematic and stress update formulations found in Marusich and Ortiz [6] is reviewed here in brevity. The balance of linear momentum is written as
The weak form of the principal of virtual work becomes Integration by parts and rearranging terms provides 
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where is the mass matrix, is the external force array, and is the internal force array. In the above expressions, N is the shape function, repeated indices imply summation, and a comma (,) represents partial differentiation with respect to the corresponding spatial coordinate, and is the first PiolaKirchhoff stress tensor, analogous to the engineering or nominal stress. Fig. 1 . / / / cross-ply layout and element Fig. 1 shows a schematic view of the / / / layout CFRP workpiece. Each ply is modelled separately as an independent UD-CFRP layer and has its own orthotropic elastic properties and own material coordinate system. The material coordinate system is defined along the fiber to simplify the orthotropic elasticity property definition. Then the UD-CFRP models are stacked up according to the stacking sequence of the composite. Then each ply is discretized by an equal spacing orthogonal structured mesh. The structured mesh is aligned with the fiber orientation; therefore fracture planes are defined relative to the fiber orientation. CFRP exhibits strong heterogeneity and anisotropy in its failure mode, which depends on the fiber and the ply orientation. For example, fiber-matrix deboning in UD-CFRP orthogonal cutting occurs always between the fiber and the matrix, matrix cracking always travels through in the transverse directions to the fiber, and fiber buckling always occurs along the axis of the fibers. Therefore, superimposing the mesh structure upon the UD-CFRP structure aids in capturing the fractures which occur in CFRP machining.
Structured Mesh Aligned with Fiber Orientation
Cohesive Zone Element Insertion
Cohesive zone elements are inserted to the fracture plane on the fly when the stress reaches insertion criteria. The fracture planes are defined by Miller indices in the equally spaced structured mesh as shown in Fig. 2. Fig. 2 shows the fracture plane definitions, as they were implemented in Miller indices.
We use the maximum tensile/compressive failure stress in the X, Y, and Z directions as cohesive zone element insertion criteria. Each criterion is tied to the fracture plane. For example, the maximum tensile stress criterion in the Xdirection is mapped to the fracture plane of (1, 0, 0), as shown in Fig. 3 . The maximum tensile criterion in the Y-direction is mapped to a fracture plane of (0, 1, 0). Inclined fracture planes such as (1, 1, 0) and (1, 0, 1) are often mapped to compressive, shared and mixed mode failures. The inclined fracture plane is introduced by splitting the cube element into two prism elements as shown in Fig. 4 . It is also possible to implement other types of failure criteria such as the Puck criteria into this method.
Delamination characteristics are defined by cohesive zone elements between the plies. In drilling, delamination due to the high thrust force is one of the most common workpiece damage mechanisms. 
UD-CFRP Orthogonal Machining Validation
Machining Experiment
UD-CFRP orthogonal machining test was conducted at Third Wave Systems. The experiment was performed on a Mori-Seiki NH6300 horizontal machine. Fig. 5 shows the machine setup. Unlike drilling, milling, or trimming, the experimental test used a cutting tool fixed in rotation by the locked spindle. The cutting tool holder was designed to allow for the cutting insert to be positioned in direct alignment with the spindle center axis. The alignment of the insert in this way reduces the cutting moment on the spindle. The Kistler 9255B dynamometer collects forces via piezoelectric sensors in the X, Y and Z-directions. The fixture was designed to align the UD-CFRP specimen along the X-axis of the dynamometer. Fig. 6 shows the simulation model of the orthogonal machining in comparison to the experimental setting.
Orthogonal machining of UD-CFRP is simulated for , , and fiber orientations. The cutting condition is shown in Table 1 . The UD-CFRP material properties in the model is shown in Table 2 . Fig. 5(a) shows the simulation result for a fiber orientation of . In the simulation, peel fracture emanated from the tool tip and propagate along the fiber/matrix interface. The chip formation proceeded through chip advancement along the tool face until bending fracture occurred under cantilever loading.
FEM Simulation and Validation
Sometimes the peeled chips were failed due to compressible buckling rather than bending. Fig. 7(b) shows the simulation result for a fiber orientation of . The fiber is compressed and crashed in the transverse direction at the tip of the tool and then the chips were separated in Mode II fracture at the fiber/matrix interface. The chips formed in this orientation are smaller than those formed in the orientation. Fig. 7(c) shows the results for a fiber orientation. The small chips were fractured and flew away periodically and macroscopic cracking on the machined surface along the fiber orientation were observed ahead of the tool. Fig. 7(d) shows the results for the fiber orientation case. The crack emanated ahead of the tool and proceeded deep down into the workpiece. The workpiece was split in half for this case in the orthogonal cutting experiment. Overall, the chip formation mechanism of the UD-CFRP orthogonal machining simulation agreed well with the experimental observations [3] .
A translucent view of the simulations shows the cohesive zone elements inside of the workpiece. Figure 9 shows this for the orientation. The fiber is oriented along the X axis for a simulation, and along the Y axis for a simulation, as shown in Fig. 10 . Cohesive zone elements were inserted when the stress reaches the failure stress criteria, holding the surfaces together until the energy release rate is reached. Therefore the translucent figure visualizes a particular failure criterion. On the right in Fig. 9 , only the top layer of the machined surface shows the demarcation of crushed fibers due to high compressive stress induced by the tool tip, while fiber/matrix rebounding damage went deeper. The simulation shows that a fiber orientation causes deeper damage to the workpiece than the fiber orientation, which agrees with the experiment conducted by Third Wave Systems. 
CFRP Drilling Validation
CFRP drilling experiments were conducted at Third Wave Systems. The experiments were performed on a Mori-Seiki NH6300 horizontal machine. The thrust and the torque measurements are collected using a Kistler rotating multicomponent dynamometer type 9125A. Compared to the drilling experiments of metal [11] , the tool wore rapidly. In order to ensure quality of the experimental data, the tool wear was monitored by taking microscope photos of the cutting edges.
The 3D drill geometry was constructed in CAD and exported as a STEP file. The FEM mesh is created on the STEP file. The workpiece is modeled as a / / / layout composite. In order to start, the FEM simulation from a fully engaged state, the drill trajectory was simulated and subtracted from the initial workpiece by a boolean operation in the mesh generation phase. Fig.12 . The sampling frequency of the dynamometer is 10 times that of the spindle speed. The uncertainty is computed from an assumed statistical distribution. The thrust force of the drilling simulation increased as the simulation proceeded. This is likely due to the workpiece deflection and progressing damage zone and chip formations.
Summary and Outlook
Understanding damage as well as damage mechanisms in the machining process is one of the key aspects of CFRP machining today. The proposed finite element model, which assumes the cutting energy is the sum of the surface energy and friction loss, captured various failure modes and damage types in the UD-CFRP orthogonal cutting and predicted the torque and the thrust force with reasonable accuracy. The damage on the machined surfaces was predicted by the proposed FEM method and compare well with experiment results. Future work entails the extension of this method to CFRP milling and other processes.
